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Objective: The aim of this study was to investigate, using T2-mapping, the impact of functional instability
in the ankle joint on the development of early cartilage damage.
Methods: Ethical approval for this study was provided. Thirty-six volunteers from the university sports
program were divided into three groups according to their ankle status: functional ankle instability (FAI,
initial ankle sprain with residual instability); ankle sprain Copers (initial sprain, without residual
instability); and controls (without a history of ankle injuries). Quantitative T2-mapping magnetic reso-
nance imaging (MRI) was performed at the beginning (‘early-unloading’) and at the end (‘late-unload-
ing’) of the MR-examination, with a mean time span of 27 min. Zonal region-of-interest T2-mapping was
performed on the talar and tibial cartilage in the deep and superﬁcial layers. The inter-group compari-
sons of T2-values were analyzed using paired and unpaired t-tests. Statistical analysis of variance was
performed.
Results: T2-values showed signiﬁcant to highly signiﬁcant differences in 11 of 12 regions throughout the
groups. In early-unloading, the FAI-group showed a signiﬁcant increase in quantitative T2-values in the
medial, talar regions (P ¼ 0.008, P ¼ 0.027), whereas the Coper-group showed this enhancement in the
central-lateral regions (P ¼ 0.05). Especially the comparison of early-loading to late-unloading values
revealed signiﬁcantly decreasing T2-values over time laterally and signiﬁcantly increasing T2-values
medially in the FAI-group, which were not present in the Coper- or control-group.
Conclusion: Functional instability causes unbalanced loading in the ankle joint, resulting in cartilage
alterations as assessed by quantitative T2-mapping. This approach can visualize and localize early
cartilage abnormalities, possibly enabling speciﬁc treatment options to prevent osteoarthritis in young
athletes.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.3Introduction
Ankle sprains, accounting for approximately 25% of all injuries
across all sports1, are themost common sports and physical activity-
related injuries2, especially among young sportsmen. Treatment
concentrates more or less completely on conservative, non-surgicalG.H. Welsch, Department of
, Krankenhausstr. 12, 91054
31-8533300.
, welsch@bwh.harvard.edu
ternational. Published by Elsevier Lprotocols . But, long-term impairments, such as loss of ankle
function, hypo- and hypermobility, pain, weakness, or swelling, are
present in 40e70% of cases4,5. This condition is commonly known as
chronic ankle instability andmay originate frommechanical as well
as functional ankle instability (FAI).6
FAI is operationally deﬁned as experiencing repeated episodes
of ankle instability and spraining, subsequent to an initial sprain,
and has been attributed to alterations in the sensorimotor control
system7. Due to these impairments, episodes of “giving way” or
subsequent sprains are very likely to follow in this population6. In
particular, athletes who return to their pre-injury sporting level can
be seen as a high-risk population. At least one previous ankle spraintd. All rights reserved.
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posing factor for recurrent lateral ankle sprains.8e12
Long-standing lateral ligament instability of the ankle causes
not only recurring spraining, but unbalanced loading of the medial
joint space13. Harrington (1979) found degenerative changes in
articular cartilage over the medial half of the talar and tibial surface
in the talo-tibial joint of patients suffering from chronic ankle
instability. In 1979, roentgenograms and arthroscopy were the ﬁrst
choice modalities to conﬁrm suspicions of chronic ankle instability.
Currently, magnetic resonance imaging (MRI) has become the
method of choice to visualize articular cartilage in vivo14. However,
standard MR sequences for joint imaging do not allow for the
quantiﬁcation of early degenerative changes15. Quantitative T2-
mapping is a proven technique with which to quantify cartilage
water content and collagen ﬁber orientation16. Increased T2-
relaxation time is closely associated with a loss of collagen ﬁber
integrity and altered water content and swelling capacity in the
cartilage matrix.16
Although T2-mapping is well established for the diagnosis of the
early stages of cartilage degradation in the knee, T2-mapping of the
talar and tibial cartilage faces challenges, as the ankle joint is highly
complex, with relatively small structures distributed within a
comparatively large volume17e19. The thin cartilage and closely
applied joint surface require high-resolution imaging20, which can
now be provided by 3.0 T scanners, together with dedicated multi-
channel coils, whichmakes this combination a potential tool for the
diagnosis of very early joint pathologies.21e25
The aim of this study was to analyze the impact of different
stages of functional instability of the ankle joint on the talo-tibial
cartilage, as these clinical stages, together with localized cartilage
alterations, might be a predictive factor for the development of
osteoarthritis (OA). Therefore, we investigated the ankle joint un-
der different loading situations. We hypothesized that the com-
parison of different loading situations might reveal alterations in
loading manner and so detect ﬁrst changes more sensitive than
merely measurements at one time-point. We used high-resolution
quantitative T2-mapping MRI at 3.0 T as a biomarker for early
changes in cartilage substructure.
Methods
Study population
The ethics committee of the University of Erlangen provided
ethic approval and all patients gave written, informed consent for
the study, prior to enrollment. In this prospective study, we
included 36 volunteers from the university sports program and
local ball sports teams (soccer, handball, basketball, volleyball). The
study population was characterized by a total mean age of
24.5 3.6 years (20e37 years), and a mean body-mass-index (BMI)
of 23.2  1.9 kg/m2 (19.6e27.0 kg/m2). Nine female (mean age
22.2  1.9 years, mean BMI 22.5  2.0 kg/m2) and 27 male (mean
age 25.3  3.7 years, mean BMI 23.4  1.9 kg/m2) volunteers
enrolled in this study, and all exercised at least three times a week
for a minimum of 30 min per session.
Inclusion criteria
The 36 volunteers were divided into three groups according to
their ankle status:
(1) FAI-group:Athletes in this group had at least one initial
moderate to severe ankle sprain within the last 5 years prior
to entering the study. Moderate to severe ankle sprain was
deﬁned as a lateral distortion of the ankle joint, which causedat least 8 days of sports time loss. They also had at least two
episodes of self-reported spraining or ‘giving-way’ within
the last 12 months prior to testing26. We included in this
group 16 athletes (mean age 24.5  3.1 years, mean BMI
23.3  2.4 kg/m2); ﬁve were female and 11 were male.
(2) Ankle sprain Copers group:Athletes in this group had at least
one initial moderate to severe sprain within the last 5 years
prior to entering the study, with no residual complaints such
as pain, swelling, or instability in the involved ankle. They
had fully returned to their pre-injury sport-level at least 6
months prior to testing. If all other criteria were met, one
additional episode of spraining was tolerated7. The time span
of 6monthswas chosen based on the ﬁndings of Engebretsen
et al., who reported that the risk of re-injury reaches the pre-
injury level again after 6 months27. We included 13 athletes
(mean age 25.3  4.4 years, mean BMI 23.2  1.6 kg/m2);
three were female and 10 were male.
(3) Control-group:Athletes in this group were free of any injury
of the lower limb within the 5 years prior to the study. We
included seven athletes (mean age 22.9  2.5 years, mean
BMI 23.0  1.0 kg/m2); one was female and six were male.
There were no differences between the groups with regard to
age (P ¼ 0.348), BMI (P ¼ 0.968), or gender distribution (P ¼ 0.694).
Exclusion criteria
We excluded all athletes with a history of any kind of surgery to
either leg. Swelling or discoloration at the ankle and injury to the
lower limb within the 3 months prior to entering the study were
exclusion criteria26. Additionally, retrospective detected move-
ments during and in-between MRI acquisition to an extent that a
valid and reliable analysis would not be possible or an incomplete
MRI-data set were also reasons for exclusion.
Image acquisition
MRI was performed on a 3 T MR scanner (Magnetom-Trio,
Siemens, Erlangen, Germany) with a gradient strength of 40 mT/m,
using an eight-channel, high-resolution, small ﬁeld of view (FoV)
foot and ankle imaging coil (Invivo, Gainesville, FL, USA). This
dedicated phased array coil was designed to take advantage of the
eight-channel system capabilities, including the parallel imaging
application. With its boot design, it easily slides down over the foot
and ankle. Participants were scanned in the supine position, and
MRI was performed on the ankle with the foot at a 90 angle to the
lower leg. No speciﬁc activity protocol was employed prior to the
MRI examination. Before imaging, all volunteers performed routine
daily activities and walked to the MRI suite. Due to a strict imaging
schedule, the waiting time before the examination was no more
than 5e10 min, to avoid pre-imaging unloading of the cartilage.
Thus, all volunteers were asked to stand or walk prior to enrollment
in this study, and sitting or lying down was not permitted.
The image protocol consisted of a sagittal, multi-echo, spin-echo
(SE) T2-acquisition with the following parameters: repetition-time
(TR) 1.200 s; six echo-times (TE) of 13.8 ms, 27.6 ms, 41.4 ms,
55.2 ms, 69 ms, and 82.8 ms; FoV 160  160 mm; pixel matrix
768 768 (interpolated 384 384); voxel-size 0.2 0.2 3.0 mm;
bandwidth 230 Hz/pixel; averages 1; 12 slices; and a total
acquisition-time of 4:09 min. T2-relaxation times were obtained
from on-line reconstructed T2-maps using a pixel-wise, mono-
exponential, non-negative least squares (NNLS) ﬁt analysis (MapIt,
Siemens Medical Solutions, Erlangen, Germany). This SE-T2
sequence was, after a set of localizers, planned over the affected
tibial and talar shoulder and was performed at the beginning
Fig. 1. Coronal MRI of the left ankle of a 22-year-old male control. To visualize the
planes in which the ROI evaluation was performed, the medial and lateral tibio-talar
region is marked. Of the 12 sagittal quantitative T2-mapping slices, two medial and
two lateral slices were chosen.
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MR-examination. Themean time gap between the ‘early-unloading’
sequence and the ‘late-unloading’ sequences was 26.7  3.4 min,
with no differences between the three groups (P ¼ 0.449).
Image analysis
To ensure high quality and reproducibility of measurements, the
‘region-of-interest’ (ROI) analysis for the quantitative T2-values
was performed by one senior expert in musculoskeletal MRI (12
years of experience), in consensus with two junior experts (2 and 3
years of experience). Every analysis was performed separately by
each reader on deﬁned slices, saved, and provided identically for
every expert. To evaluate ‘intra-observer’ reproducibility, mea-
surements were repeated on the same slices in different reading
sessions. The time period in between the sessions was set to a
minimum of 3 months.
For T2-mapping, analysis was performed on a multi-modal
workstation (Leonardo; Siemens Medical Solutions, Erlangen,
Germany) at the maximum magniﬁcation. To cover the whole
weight-bearing cartilage area of the talo-tibial joint in the mediale
lateral dimension, four slices were chosen: one on the medial and
lateral part of the talar and tibial shoulder and the neighboring
more central slice on either side. All the readers carefully chose the
slices for evaluation, in consensus. Slices were chosen based on the
availability of a full thickness of the cartilage (no cut-offs, no
beginning of phasing-out) and sufﬁcient image homogeneity to
secure highly differentiated deﬁning of ROIs. Thus, of the 12 sagittal
quantitative T2-mapping slices for ROI-analysis, two medial and
two lateral slices where chosen, as shown in Fig. 1. The four sagittal
T2-maps corresponding to Fig. 1 are presented in Fig. 2.
To cover the whole thickness of the cartilage, ROI-analysis was
performed in two layers, one superﬁcial (from the articular surface
to the middle of the cartilage) and one deep layer (from the middle
of cartilage to the cartilageebone borderline). Collagen
ﬁber orientation varies from perpendicular orientation in the bone
near regions to parallel orientation at the articular surface. Due to
the magic angle effect, T2-values physiologically increase in the
same direction. This effect is accommodated by performing a spatial
ROI-analysis in two layers; therebyadetailed stratiﬁed investigation
of biomechanical alteration in cartilage tissue is possible. In the
ventraledorsal dimension, the full length of cartilage was sub-
divided into three equal parts: oneventral part; one central part; and
one dorsal part. Structural cartilage-assessments (T2-mapping)
wereachieved in12equal-sizedROIsby imposing this patternon the
tibial and talar cartilage. The exact pixel size and standard deviation
were documented (superﬁcial zone: 133.136 pixels [minimum57,
maximum 246]; deep zone: 125.8  32 pixels [minimum 63,
maximum 273]). Within the process of the semi-automated evalu-
ation, the ROIs were identiﬁed on the morphological SE-T2 raw
image with the lowest TE and automatically copied into the quan-
titative T2-map; see Fig. 3 for an exemplary analysis.
To achieve the greatest number of possible identical measure-
ments, and thus, ensure good comparability between the ‘early-
unloading’ and ‘late-unloading’ values, assessment was performed
by a one-acquisition technique, in which 12 ROIs were placed
within the anatomic structure of interest (talar and tibial cartilage),
as mentioned above. For identical placement in both slices, ROIs
were copied from the ‘early-unloading’ sequence and pasted onto
the identical slice of the ‘late-unloading’ sequence. Whenever
movements between the two acquisitions were detected, ROIs
were adjusted manually. The time required for the T2-analysis for
one patient was 45 min. An example of a sagittal quantitative T2-
map in ‘early- and late-unloading’ is provided in Fig. 4. In this
study, a total of 3456 ROIs were analyzed.Statistical analysis
Statistical evaluation was performed to assess the group-
dependent difference in T2-values between the ‘early-unloading’
and ‘late-unloading’ acquisitions, using an Student’s t-test, inwhich
the FAI-group and the Coper-group were compared to the control-
group. Therefore each ROI from the ‘patients-group’ was compared
to the corresponding ROI in the ‘control-group’. The trend between
‘early-unloading’ to ‘late-unloading’was assessed by a paired t-test,
opposing the zonal corresponding T2-values for ‘early-’ and ‘late-
unloading’ acquisition for each patient.
The inter-observer and intra-observer reproducibility was
determined as an intraclass-correlation-coefﬁcient (ICC).
Group-dependent differences in age, BMI or gender distribution
were evaluated by an analysis of variance with a three-way ANOVA
with random factors. The underlying assumptions for the Student’s
t-test, ANOVA and ICC, as they are independency of variables,
normal-distribution (proved by KolmogoroveSmirnov-test) and
homogeneity of variances (proved by Levene’s-test) were fulﬁlled.
Corresponding T2-values from ‘early-’ to ‘late-unloading’ were
considered as depended variables and therefore evaluated by the
paired t-test.
SPSS Version 21.0 (SPSS Institute, Chicago, IL, USA) for Windows
(Microsoft, Redmont, WA, USA) was used. A P  0.05 was consid-
ered statistically signiﬁcant.
Results
Underlying group characteristics
The groups of investigation showed no signiﬁcant difference to
each other with regard to age (P ¼ 0.348), BMI (P ¼ 0.968), or
Fig. 2. Sagittal multi-echo SE quantitative T2-mapping images of the right ankle of a 22-year-old from the Coper-group. All four assessed slices (as marked in Fig. 1) are provided
with quantitative T2-maps of the tibial and the talar cartilage.
T. Golditz et al. / Osteoarthritis and Cartilage 22 (2014) 1377e13851380gender distribution (P ¼ 0.694). However, the FAI-group had
signiﬁcantly more episodes of ‘giving-way’ in the last 12 months
(P ¼ 0.001) compared to the ‘control-’ and ‘Coper-group’.
Study results
Because the quantitative T2-values of the 3456 measured ROIs
(as visualized in Figs. 1e4) were located in 12 different ROIs per
slide, and that these 12 ROIs were compared between three
different groups (control, Coper, FAI), as well as between themedial
and lateral compartment of the joint as well as the ‘early-’ and ‘late-Fig. 3. Quantitative (SE) T2-map (sagittal) of the left ankle of a 25-year-old male from the Co
and the talar cartilage is visualized in a medial (A) and lateral (B) aspect of the ankle jointunloading’ measurements, not all quantitative results can be
provided. When looking at the overall results of the quantitative
T2-values, in all three groups (control, Coper, FAI) and in all com-
partments of the joint, a clearly signiﬁcant (P < 0.001) increase in
T2-values was obvious from the deep to the superﬁcial cartilage
layer. These results are also provided in Tables I and II.
When comparing the T2-relaxation times (ms) between the
Coper-group as well as the FAI-group to the control-group, the re-
sults for ‘early-unloading’ are provided in Table I for the talar carti-
lage and in Table II for the tibial cartilage. For simpliﬁcation, these
results are provided for the medial and the lateral compartmentper-group. The zonal (deep and superﬁcial cartilage aspect) ROI evaluation of the tibial
.
Fig. 4. Sagittal multi-echo SE quantitative T2-mapping images of the right ankle of a 25-year-old male volunteer with FAI. Whereas (A) visualizes the ‘early-unloading’ quantitative
T2-map, (B) shows the same slice with the same cartilage area for the ‘late-unloading’ quantitative T2-map. When looking at the T2-values, a slight increase during unloading is
visible. This change over time is visualized in Fig. 5.
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medial and the lateral compartment. The ﬁndings show that the
FAI-group (compared to the control-group) had signiﬁcantly higher
T2-values, mainly in the talar cartilage, and especially in the deep
layer. The Coper-group showed smaller differences overall in the
quantitative T2-values when compared to the control-group. When
differentiating between the medial and the lateral aspect of the
ankle joint, the changes in the T2-relaxation times are more clearly
pronounced in the medial talar dome for the FAI-group (P ¼ 0.008)
and in the lateral talardome for theCoper-group (P¼0.05). The tibial
cartilage showed no signiﬁcant changes.
For the ‘late-unloading’ quantitative T2-values, the FAI-group
again showed increases in the medial talar cartilage. Signiﬁcantly
higher T2-relaxation times were found in the superﬁcial as well as
in the deep layer (Table III). For a clearer arrangement in this table
T2-values of the two medial and two lateral slices were averaged
each in one medial and one lateral slice. The Coper-group showed
no relevant changes (P  0.05).
The results of an analysis of the changes and processes in each
group that occurred from ‘early-’ to ‘late-unloading’ are depicted in
Fig. 5. In the FAI-group, we found decreasing T2-values in the lateral
talus, while T2-values on the medial side were increased. In the
superﬁcial layers,more statistically signiﬁcant changeswerepresent
on both the medial and lateral sides. In contrast, the Coper-group
showed falling T2-values evenly almost throughout all regions,
with a slight enhancement on the more central slices. Signiﬁcant
decreases were present in this region. The “shift” in the DT2-values
(ms) (DT2-value¼ DT2 (‘early-unloading’) DT2 (‘late-unloading’))
from the anterior-lateral (left part of Fig. 5) to the dorso-medial
(right part of Fig. 5) aspect of the talo-tibial joint was much more
pronounced in the FAI-group at 242% (between the lateral andTable I
‘Early-unloading’ T2-mapping results of the complete TALAR cartilage (medial and latera
group
‘Early-unloading’ T2 [ms] Superﬁcial
Ventral Central D
FAI
(n ¼ 16)
Mean 41.7* 46.0 5
StDv 8.2 9.2 1
P-value 0.001 0.076 0
95%-CI 7.2 to 4.7 7.9 to 5.3 
Coper
(n ¼ 13)
Mean 38.7 43.3 4
StDv 8.6 11.8 1
P-value 0.655 0.983 0
95%-CI 4.6 to 9.6 5.1 to 12.3 
Control
(n ¼ 7)
Mean 39.3 43.3 4
StDv 9.1 9.7 1
95%-CI ¼ 95% conﬁdence interval of mean differences.
* Signiﬁcant differences (P < 0.05).medial signiﬁcant DT2 changes), compared to the Coper-groupwith
76% (between the lateral and medial signiﬁcant DT2 changes).
The control-group showed inhomogeneous characteristics.
While decreases were present in the majority of regions, differ-
ences, overall, were lesser than in the other groups and showed no
signiﬁcance (P  0.05).
The intra-observer variability, as assessed by the ICC, was 0.914
(95% conﬁdence interval: 0.898e0.929) and the inter-observer
variability showed an ICC of 0.884 (0.858e0.905).
Discussion
The aim of this study was to determine the impact of FAI on the
substructure of cartilage in the ankle joint, which might be related
to the development of OA.
To the best of our knowledge, this was the ﬁrst study that
attempted to quantify, with T2-mapping, the impact of ankle
instability in young athletes with regard to the development of
cartilage alterations and early OA changes. We found group-related
differences in the T2-relaxation times in 11 of 12 regions. These
differences were indicative of varying ankle status.
Numerous studies have shown medial cartilage degeneration
after lateral distortion traumas. In cadaver studies,Hirose et al. found
cartilage defects predominately on the medial part of the talar
cartilage among a very old study population28,29. In a second study
on younger patients with injury to the anterior talar-ﬁbular liga-
ment, they reported more degenerative changes in the antero-
medial tibial and lateral talar dome30. Another cadaver-based
study by Noguchi showed that the stress distribution is shifted
medially after sectioning the lateral ankle ligaments31. We used MR
imagingwith ‘T2-mapping’ technique touncover veryearlycartilagel aspect together); ‘FAI’-group and ankle sprain ‘Coper’-group compared to ‘control’-
Deep
orsal Ventral Central Dorsal
6.8* 29.8* 30.4* 35.5*
5.6 7.8 11.7 13.4
.003 0.001 0.001 0.005
16.9 to 2.4 9.2 to 2.3 12.3 to 2.0 15.6 to 2.8
9.2 27.4* 28.0* 32.6
1.8 7.7 10.3 10.7
.733 0.049 0.023 0.094
5.7 to 10.4 6.6 to 2.6 7.4 to 5.9 8.4 to 0.2
9.9 25.1 24.3 29.6
0.5 5.4 8.1 11.3
Table II
‘Early-unloading’ T2-mapping results of the complete TIBIAL cartilage (medial and lateral aspect together); ‘FAI’-group and ankle sprain ‘Coper’-group compared to ‘control’-
group
‘Early-unloading’ T2 [ms] Superﬁcial Deep
Ventral Central Dorsal Ventral Central Dorsal
FAI
(n ¼ 16)
Mean 41.3 40.7 62.0* 30.1 27.3 45.8
StDv 9.0 9.9 15.3 9.5 9.4 14.9
P-value 0.140 0.057 0.001 0.209 0.124 0.305
95%-CI 3.6 to 8.0 5.8 to 8.9 15.4 to 16.0 10.5 to 4.8 7.4 to 4.4 13.0 to 5.3
Coper
(n ¼ 13)
Mean 38.9 40.4* 54.2 28.3* 28.6 40.9
StDv 8.7 10.9 15.4 7.8 10.1 16.6
P-value 0.084 0.045 0.880 0.030 0.447 0.411
95%-CI 0.5 to 11.5 0.5 to 13.0 9.1 to 13.0 7.6 to 10.0 6.1 to 5.6 8.1 to 12.9
Control
(n ¼ 7)
Mean 43.9 44.2 53.8 32.2 29.9 43.2
StDv 12.4 12.3 12.9 14.7 10.7 16.9
95%-CI ¼ 95% conﬁdence interval of mean differences.
* Signiﬁcant differences (P < 0.05).
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rable to that of cadaver studies in vitro. It has been proven that
average T2-values increase signiﬁcantly with increasing cartilage
defect grade32,33. This reﬂects a change in collagen ﬁber anisotropy
and increasing hydration in the articular cartilage16,34,35. Conse-
quently, an increase inT2-values can be seen as a biomarker for early
cartilage damage.
In the FAI-group, we found signiﬁcantly increasing T2-relaxtion
times on the medial talar cartilage, especially in the ‘early-
unloading’ sequence. The deep layer, in particular, was affected.
These ﬁndings are in accord with the results from cadaver studies
that reported that peak stress shifts medially after lateral ligament
injuries and that this results in cartilage degeneration within this
area. As possible mechanism for a higher talar affection a thinner
talar cartilage, malalignment of the talus due to decreased liga-
mental guidance after distortion injuries or the convex shaved
articular surface might be worth taking into consideration. How-
ever, a completely explaining mechanism for the higher talar, in
comparison to the tibial susceptibility is yet absent. But clinical
experiences show that osteochondritis dissecans (OCD) becomes
almost exclusively manifest on the lateral and medial talar shoul-
der. The development of OCD stands, except trauma-caused cases,
in causal connection to degenerative cartilage transformation. The
results of this study stand in line with these facts. Even more
interestingly, we could describe this peak stress as a reported “shift”
in hydration as well as collagen ﬁber anisotropy during unloading.
Regarding the ‘late-unloading’ sequence, we found an ongoing
signiﬁcant increase in FAI on the medial, talar dome in both the
deep and the superﬁcial cartilage layer. The fact that we found a
consistent increase in T2-relaxation time among the FAI-group in
this region, even in the ‘late-loading’ situation, strongly supportsTable III
‘Late-unloading’ T2-values of the medial slice in ‘FAI’-group. After 27 min unloading while
in the FAI-group signiﬁcant changes remained in ‘unloading’ sequence
Ventral
Medial tibial cartilage Superﬁcial
P-value (95%-CI)
43.0  10.5
0.656; (13.7 t
Deep
P-value (95%-CI)
27.2  18.9
0.618 (10.0 to
Medial talar cartilage Superﬁcial
P-value (95%-CI)
41.6  7.5
0.098 (7.8 to 6
Deep
P-value (95%-CI)
31.3  5.3*
0.040 (11.5 to
95%-CI ¼ 95% conﬁdence interval of mean differences.
* Signiﬁcant difference to control-group, P  0.05.the presence of early structural modiﬁcation. In this state, only
functional aspects, as unbalanced weight loading should not persist
any more. What we were only partly able to explain the ﬁndings of
Narváez et al.3 who demonstrated anterior-lateral degeneration. In
the Coper-group, we found clearly smaller changes in T2-relaxation
times compared to the control-group. This might back the idea that
altered mechanics, which were not present or not strongly enough
developed in the Coper-group, play a decisive role in degenerative
changes of cartilage36. Comparably, the ‘late-unloading’ T2-
mapping (after 27 min of unloading) showed no ongoing changes
and no “shift” in T2-relaxation times. Thus, this might be indicative
of a much more balanced loading of the talo-tibial cartilage in the
Coper-group compared to the FAI-group.
The clear changes in the FAI-group, however, can be seen as the
ﬁrst step toward OA, caused by chronic functional instability of the
ankle. Numerous studies have shown degenerative cartilage
changes in patients with chronic ankle instability. Takao et al.
reported that 40.3% of arthroscopy patients had osteochondral le-
sions after 7 months37. Other studies have shown results of a 26%38
or a 52% (5 years follow-up)39 rate of degenerative changes. Com-
parable to the present study, the broad majority found cartilage
lesions in the (anterior-) medial part of the talus.1,11,12,29,40
For the analysis of the alterations between ‘early-unloading’ and
‘late-unloading’, we calculated the delta between both measure-
ments, which has been previously shown to be a very sensitive
marker of cartilage degradation14. In the control-group, DT2 was
inhomogeneous throughout the regions. No tendency was detect-
able. This might be explained by a balanced, natural loading
manner during standing and walking. In the Coper-group, the re-
sults showed a homogenous trend toward negative DT2-values
with various signiﬁcances. Negative DT2-values indicate that theunder MR imaging, talar cartilage still shows signiﬁcantly increased T2-values. Only
Central Dorsal
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Fig. 5. Gradient in DT2-values from anterior-lateral (left) to dorso-medial (right) as
seen by the arrow comparing FAI (A) to Coper (B). DT2 in ms (DT2-value ¼ DT2 (‘early-
unloading’)  DT2 (‘late-unloading’)); T2-values representing full thickness ROIs; *
indicates a signiﬁcant difference (P  0.05). Whereas, in the Coper-group, a relative
homogenous pattern of mainly increasing T2-values is visible, in the FAI-group, there is
a clearly different pattern of behavior of the T2-values during unlading, which could be
interpreted as a “shift” from anterior-lateral to dorso-medial. The percentages mark
the relative difference in DT2 between the signiﬁcant changes in the anterior-lateral
and the dorso-medial part of the joint.
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A signiﬁcant decrease in T2-values after loading of the knee carti-
lage while running or under other loading conditions has been
shown before by Mosher et al.41 and Nishii et al.42. Consequently,
negative DT2-values are no surprise and can be explained either by
a reﬂux or an efﬂux of water or a loading-associated increase in the
anisotropy of collagen ﬁbers in the cartilage substructure43. How-
ever, the in parts still signiﬁcant results in the Coper-group might
be related to a higher load on cartilage compared to that in the
control-group. A possible explanation would be a subclinical
impairment of proprioception or muscular stabilization since the
initial ankle sprain. Impaired ligamental stabilization could no
longer contribute to weight bearing and so be another potential
explanation.
Individuals with FAI showed a wide distribution of DT2-values,
which could be related to the unbalanced loading as described
above. On the medial aspect, we found signiﬁcantly negative de-
viations, while on the lateral aspect, DT2-values were positive. It
could be that this might be attributable to an ‘intracartilage hy-
dration shift’ from medial to lateral while under loading and a
reﬂux during unloading. This seems to be in line with ﬁndings of
unbalanced loading in patients with FAI (see above) and degener-
ative changes of the cartilage ultrastructure.
As the presented study includes only young patients, it seems
that, especially in the FAI-group, subtle cartilage alterations were
already present, and these might be the patients who will develop
OAover time. Thus, quantitative T2-mapping in this cohortmight be
a biomarker aid in the decision-making aboutwhich patientswould
proﬁt from a joint-stabilizing surgical procedure. This question re-
mains to be answered in a longitudinal study after ankle sprain.
This leads to the limitations of this study, where, as yet, no
longitudinal data is available, and thus, no prediction can be made
about which patients will develop OA over time. However, the
presented results strongly indicate that patients with chronic ankleinstability already show initial signs of cartilage degradation in
different anatomical subregions, mainly in the medial talar carti-
lage. Another limitation is the lack of histological or surgical proof
of the presented results. Nevertheless, based on the available
literature, quantitative T2-mapping can be seen as an accepted
biomarker for early cartilage damage. Mosher et al., however, sug-
gest a multi-spectral approach to the risk-analysis for cartilage
tissue16. Therefore, adding a proteoglycan-sensitive technique to
the study’s protocol would be interesting. Another limitation of our
study is the uneven number of participants in each group. If one
group’s overhang slightly bias the T2-analysis’ results, can be dis-
cussed controversial, but is certainly limiting the statistical power
of the study. The uneven number of subjects in each group and in
general relatively small cohort of this study are reasons, that future
studies of larger patient groups will be needed to conﬁrm our
ﬁndings.
Our study showed that different levels of ankle stability caused
various changes in cartilage T2-relaxation times of the ankle joint,
especially among the FAI-group. In this group, changes were clearer
and more consistently present, regardless of the loading situation.
But, even the Coper-group, in which no clinical impairments, such
as instability or swelling existed, showed differences in loading
manner and regional T2 changes. With regard to the location,
particularly for the medial part, the results are in line with recent
studies. Whether the functional status of an ankle joint, as assessed
by quantitative T2-mapping, can be used as a tool for the risk
management of OA must be proven by future studies. Based on our
results, however, FAI seems to have a causal connection with the
early signs of OA.
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